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DECLARATION, UNDER 37 C.P.R. 67-132 

1. L Shimon Sakagnchi, Ph. D_, having an address at Higashi-hiraki- 
cho 20, Takono, Sakyo-ku, Kyoto 606-8 L 07, Japan, am the sole inventor of the above- 
referenced United States patent application serial no. 09/284, 114- £ am a professor of 
Experimental Pathology at the Institute for Frontier Medical Sciences, Kyoto University, 
and am an expert in the genera] fields of experimental pathology and immunology, 
particularly, in the fieW of arthritis. 

2, On November 6, 2001 , 1 deposited a. stable strain of mice that 
developed rheumatoid arthritis with the International Patent Organism Depositary 
National Institute of Advanced Industrial Sciences and Technology. The deposit, 
received on November 6 9 2001, was accepted by the International Depository Authority 
and assigned accession number FERM BP-7790. 

3. The deposited material is the same as that described in the 
specification on page 3, lines 6-7, see the reference to the SKG strain. The SKG strain 
was first described in Japanese priority application no- 267126/1 996* filed October 8, 
1996. The deposited mouse embryos were obtained from SKG mice that were owned 
and in my custody at the time of filing of the priority application, at the time? of filing of 
the present application, and remain in my custody today. 3 submit that this strain is the 
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same as tha< departed on November & 2001 , -with the International Depositor/ 
.Authority. 

4. Accordingly, I submit that the deported material, PERM BP-T790. 
wns in my possession at He time of filing of the instant application, that Ok: deposit 
nnlcrisd is The sanac material » that described in the specification as the SKG strain axd 
that the SK<r strain is cimentiy in ray possession. 

5. I hereby declare that all statement made herein of my cram 
knowledge are true atui that all statement made oa in/bmurtion and belief are believed to 
be true; and further that theses statements were made wjth ihc tocwlcdf^c tfeat willfrl fafee 
statements aid the Jitesp jnadc are punishable by fine or TOprironnjcDt or boih* under 
Section 1001 of Title 1 8 of the United Siarcs Code and that such t^Ulfijl ^ike statements 
may-jeopardize the validity of the at»pK«noa or Any patecnk issued thereon. 

Respect&lly Submitted 

• Sntanon Sslcaguchi, Ph. J>. 

Professor 

Department o/KxpfiHjneuta] pathology 
institute for Frontier Medical Sciences 

Kyoto XJniVcr^Tily 
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T LYMPHOCYTES ARE NOT REQUIRED FOR THE SPONTANEOUS 
DEVELOPMENT OF ENTHESEAL OSSIFICATION LEADING 
TO MARGINAL ANKYLOSIS IN THE DBA/1 MOUSE 



ALEXANDRE CORTHAY, ANN-SOFIE HANSSON, and RJKARD HOLMDAHL 



Objcctire. Mate mice of the DBA/1 inbred strain 
spontaneously develop polyarthritis and toe stiffness 
when they are ^4 months old. The arthritis bft&cts 
predominantly the proximal intcrpiialangeol joints and 
the ankle of the hind limbs. The current study was 
aimed *t determining f>« imnortanra of T lymphocytes 
In this disease. 

Methods. Histologic sections of hindpaws from 
arthritic mice were examined. The role of T 

lymphocytes was studied by using mice lacking either 
ojp or 7/5 T cells due to a deletion in T cell receptor p 
(TCK0) or TOft$ genes. 

Results- Arthritis was associated with a massive 
proliferation of connective tissue (fibroblasts) in syno- 
vium and adjacent tissues* Chondroid and bone tissue 
outgrowth at the entheses generated pexiartiailnr osteo- 
phytes (enthes ophytcs) which were deposited on the 
unchanged margins of the preexisting bone* In some 
cases, the enthesophytes enlarged enough to bridge and 
fuse tha hones by marginal ankylosis. Articular cartilage 
was essentially unaffected. Abnormal chondroid tissue 
formation was common in stiffened toes, suggesting that 
the same pathology may underlie both joint stiffness 
and arthritis- Dividing chondrocytes were commonly 
seen in tendons, but without correlation with arthritis or 
toe stiffness* Mice lacking alfi or y/5 T cells developed 
arthritis at the some incidence as control Htterrantes, 

Conclusion. The naturally occurring arthritis in 
male DBA/X mice is a T cell-independent enihesopathy 
characterized by periarticular hyperostosis and mar- 
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ginal ankylosis This suggests that the ossification lead- 
ing to peripheral ankylosis of the joints in human 
enthev'Opathie? 7 such as diffuse idiopathic skeletal hy. 
perostosis and seronegative epondyiarthropathies, is a 
T cell— independent process. 

Animal models provide unique experimental op- 
portunities to increase our understanding of human 
arthritis. Erosive arthritis can be induced in susceptible 
mouse strains by immunization with type n collagen in 
adjuvant (1). This experimental disease, collagen- 
induced arthritis (CIA), is a widely used animal model 
for rheumatoid arthritis (RA). The fitst Study of murine 
CIA used male DBA/1 mice, which were found u> be 
highly susceptible, and currently, most CIA experiments 
ore performed with male DBA/1 mice. The DBA/1 
strain has not been selected for development of arthritis 
Or Other autoimmune diseases and is one of the most 
commonly used mouse strains. However, in addition to 
their high susceptibility to induction of arthritis, mate 
DBA/1 mice have also been found to develop arthritis 
spontaneously, Lc„ without immunization, when they 
axe >3 mortThs old (2^3). This model of naturally occur- 
ring arthritis is of particular interest, since the DBA/1 
Strain is not known to have any immunologic aberrations 
or other pathologic defects. This is In contrast to other 
mouse strains that develop spontaneous arthritis, e.g., 
the MKLrlpr/lpr? Biozzi, and NZB/KN strains (4-6). The 
high susceptibility of DBA/1 males to both CIA and 
spontaneous arthritis has raised the possibility of a 
common pathologic mechanism (2). 

We have recently demonstrated, in studies of T 
cell -deficient mice, that CIA development requires the 
presence of a/p T cells (7). The present study used the 
same approach to investigate the role of T cells in 
spontaneous arthritis in the DBA/l mouse.' We found 
that spontaneous arthritis, in contrast to CIA, docs not 
require T cells. The pathology of spontaneous arthritis 
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differs dramatically from that of CIA And i$ primWIy aft 
entnesopathy characterized by the formation of periar- 
ticular osteophytes, 

MATERIALS AND METHODS 

Mice Two male mice,, with a mixed (129 X CS7BI/6) 
background, that selectively Jacked cither os/p 6i yjS T ceil* a£ 
o rc&nlt of targeted gpTmlinc mutation in their T cell receptor 
(TCR) /? or 3 genes, xefipectrvely (£>!>), were purchased from 
Jackson Research Laboratories (Bar Harbor, ME). The mu- 
tated TCR loci w.tp. backcrossed Onto the DBA/1 background 
(originating from Jackson Research J-aboratories) for 6-7 
generations. Subsequent intercrossing of mice that were either 

: heterozygous or homozygous for a mutated TOR generated 
both homozygous (alfl or y/S T cell deficient) and heterozy- 
gous (with normal X cell phcnotypcs) offspring litterniatcs. 

: The different T cell phenotypes were determined by flow 
cytometry analysis of blood ccDa> tains monoclonal antibodies 

specific for cither TCRa/j3 (B57-597) or TCRy/S (G13) as 
; previously described (7). 

Mice wore bred and kept in the animal facility of the 
: Section for Medical luflamiDation Research at Lund Unrver- 
, sixy- Mice were housed in pclystyreQe cages containing wood 
i shavings and fed standard rodent enow and water ad libitum. 
' Mice were kept In a climate -controlled environment with 
\ 12-hour light/dart cycles. Mice were screened for pathogens by 
i the National veterinary Ihstrtute (Irppsala, Sweden) and were 
; found to be positive for intestinal pin worms {Aspicularis let- 
, raptern) and negative for all viral (lymphocytic choriomeningi- 
lis vims, mouse hepatitis virus, minute virus of cnico, mouse 
parvovirus, pneumonia virus of mice, reovinw type 3 > and 
Scodai virus) and bacterial (Bordctclla bronthiseptica, 
Citrobacter frcundu 4280, Corynaba cteAum kutscherij Pazteu- 
rcUa specter Salmonella, Streptococcus frhcumolytleiLS, and 
i S&sptocvccvs pntumQHine) infections* All animal capcrimeiltS 
were approved by an appropriate ethics committee. 

Clinical evaluation of arthritis. Mice were examined 
1-2 times a weel for development of anhrirfs or toe stiffness. 
"The degree of toe stif&icss was assessed by the ability of the 
mouse to ding (by curling its toes) to a wire grid (the cage lid). 
This stiffness could be either partial or complete. We classified 
a toe as stiff when no flexion could be seen for both proximal 
inierphalangcal (PIP) joints and distaj jnterphnlsmgcal joints. 

Histologic preparations, Pawa wen? fixed in 4*%> form- 
aldehyde solution, decalcified for 2-3 weeks in an EDTA 
solution, *r>d embedded injjarafSn. Sections of 6 were 
ctainsd with either fast green and Safranin O or hematoxylin 
and etythrosin. 

Statistical analysis. Comparison of data between the 
groups was performed by Fisher's exact test (for incidence) or 
by the Mann-Whitney U test (for mean day ofifcge at onset). P 
Values less than 0.03 were considered significant. 

RESULTS 

Macroscopic evaluation of the spontaneous ar- 
thritis in male DJBA/1 mice. Our laboratory has previ- 
ously -reported that the spontaneous development of 
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Figure I. Spontaneous development or anhrftis and toe stiffness in 
male DBA/1 mice. Twenty-seven adult DBA/1 mnk mice (age* 6-9 
Oiantlui) kom 7 «^sr> wdc grouped F^agc on day 0 and examined for 
25 days. Shown arc tbc Incidence of ai dUriti& in liic lund pctcxinud 
hirerpoalAngcal (PIP), ankle, or metatarsophalangeal (MTP) Joints, as, 
well aft the incidence of stiffened toes. 



arthritis in male DBA/1 mice is influenced by both 
hormonal and behavioral factors (3). In particular, the 
number of mice in each cage is critical, with ^3 males/ 
cage required for development of arthritis (3). It was 
found that grouping of sexually mature males from 
different littcr3 effectively increased both arthritis inci- 
dence and severity, as evaluated by the number of 
affected joints (3). Random grouping of the litters was 
used to frtarjdaidiz? the mice in each cage and thus 
reduce the otherwise rather high variations in disease 
incidence between cages. 

In a first experiment, 27 DBA/1 males (ages 6-9 
months) from 7 cages were grouped 9/cage, and arthritis 
was macroscapicalry evaluated once a week (Figure 1). 
Development of arthritis was seen in the PIP, the ankle, 
and the , mctnlorsophalangeal (MTP) joints of the hind 
limbs, with the PIP joints most affected and the MTP 
joints least affected (Figure l). Arthritis In the PIP joint 
(Figure 2D) started with a typical joint swelling and 
erythema. The erythema was apparent for several weeks 
(range 1-10) and then tended to disappear, leaving the 
joist larger and deformed. Arthritis in the ankle resulted 
in a typical ankle deformity (Figure 2E)» Toe stiffness, 
assessed by placing the mouse on a wire grid (Figure 2F) 
was commonly seen in the nindpaws (Figure 1). 

HistopatholoKy of arthritic paws. For histologic 
analysis, rl of 16 arthritic mice (ages 8-10 months) were 
randomly chosen at the end of the first .experiment (i.e., 
25 days after grouping; see Figure 1). Each of the 6 
chosen mice had at least 1 arthritfc PIP joim, and 4 of 
these mice had stiffened toes. 
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Plcwr 2. Spontaneous arthritis and toe sliCfnessin male DBA/1 mice, 
Sbovn sic a typical arthritic toe CD), arthritic ankle (arrow inE), and 
stiff too (arrvw in F), while A-C show normnt paws. All mice woro d 
month? qW, 



A $ysU57nntifi histologic evaluation of the hind PIP 
joints is shown in Tabic 1. In 86% of the arthritic toes, 
histopathologic analysis revealed a proliferation of con- 
nective tissue (fibroblasts) in synovium and adjacent 
tissue (Figure 3 and Tabic 1). Formation of a chondroid 
nodule by proliferation of chondrocytes was commonly 




B 



Figure 3. Early histologic changes in the proximal interphalangeal 
Joints orwild-rypc DBA/L male mice with spontaneous arthritis. A and 
fe show typical eaiJycnaDfics. wlxh fibroblast proliferation in synovium 
arid adjacent issues, and formation of a chondroid nodule by prolif- 
eration of chondrocytes in the rnthrwh. Note the unchanged margins 
of the preexisting bone (arrow*) and the unaffected arbmlnr curtilage. 
New bono formatfoo at the enrhesis Is apparent in B. (Safronin O cmd 
fast green-Stained sections of on $-raonth-o!d moute; original magni- 
fictttion X ),00.) B ~ bone; C = articular cartilage; F » fibroblast*;' 
M = bone marrw; NB = new bone; NC = new cartilage. 



Ttffrlo X. histologic evaluation or proximal intcrphalangcal (F1F) joints of lhc hind frnbs of mate DBA/1 mice* ' 
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* Hind FIP joints from 6* rank DBA/1 mice (ages 8-10 months) were microscopically examined and classified into 1 of the following groups: arthritic, 
stiSeoed, of eam*al. All 6 mice had at least 1 arthritic PIP joint, and 4 of th*m had stiffened toes. Histologic sections Ol the toes were analyzed by 
a blinded observer, and 46 of 48 PIP jrrinls (great toes excluded) were evaluated and are represented acre. The % rcmainmg PIP joints (not shown) 
were clinically scored as normal (their histologjcpreparations were incomplete). Values arc the number of affected PIP joints in cuoh xxoup for each 
JtUiologic feature observed (percent of the total number of joints m each g*oup), 
t P < 0.05 compared wltf t normal-joints group (by Fisher's exact test). 
% J* <i 0.05 compared with arthri lie-join t£ group (by Fisher's exact ccsx). 
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Figure 4. Late histologic changes in the praaroal intcrplmlacEw] 
joints of ^wild-type DBA/1 znnlc mice vilh tipi*jf*u*cOu3 uxthrilis- A-C, 
Formation of pciianicutoi entbesophytes coosotiag of a central core 
of bone (with mariot/) capped by proliferating cartih^e at the surface. 
C, Fvaion of earth eoopSytcc rcwJtijng in marginal dAtytah and lateral 
deviazioa of the distal phnloxuc D, Proliferation of chondrocytes in a 
(G?uiwi (arryw). (Sefnnin O and fast green-^Uined xccnonv of 8-10- 
cnojath-old mice; original magnification 'x 25 ia A and C; x 1QQ in B 
Wid Tl.) H = bona; IZ = articular curtilage; M = bcac marrow; NB = 
aew Done; nc = new cartilage. 



observed in the cntfiesis, the region where the joint 
capsule and ligaments attached to the bone (Figure 3 
and Table 1), Tne newly formed chondiocytes appeared 
to originate from periosteal fibroblasts which became 
enlarged and rounded (Figure 3). Hie chondioid tissue 
formation in the enthesis was often accompanied by new 
bane formation (Figure 3B). This suggested char rhe 
chondrocytes either differentiated hito osteocytes or, 
alternatively, that os?eocyte$ progressively replac- 
ing the chondrocytes through endochondral ossification. 
The newly farmed chondroid and bone tissue was de- 
posited on the unchanged margins of die preexisting 
bone, indicating that the old bone was only used as a 
template (Figure 3). The cell proliferation in the enthe- 
sis resulted in formation of periarticular osteophytes 
(enthesophytes), consisting of a central core of bone 
capped by proliferating cartilage at the surface (Figures 
4 A-C), The enthesophytes, which often contained bone 
marrow, could in some cases enlarge lo bridge and. fuse 



the joint by marginal antylosis (Figure 4C). During the 
entire process of entheseal ossification, the articular 
cartilage was essentially unaffected 

Proliferation of chondrocytes was occasionally 
seen in tendons (Table 1 and Figure 4D), but this 
histologic feature appeared asymptomatic, since it was 
not associated with macroscopic arthritis or toe stiffness 
(Table 1). Histopathology of the toes that were macro- 
scppJcally scored as stiff revealed abnormalities similar 
to those of the arthritic toes, with proliferation of 
chondrocytes at the entheais and new bone formation 
seen in 33-40% of joints (Table 1). This indicated that 
the same pathologic mechanisms might have caused 
both joint stiffness and arthritis. Histology of arthritic 
anJkJes also revealed changes similar to those of the 
Arthritic toes, with the characteristic formation of peri- 
articular cjithesophytes of eartal&gc and bone (Figure 
5A). Importantly, very few lymphocytes and no polymor- 
phonuclear leukocytes were seen in histologic sections of 
arthritic joints. 

Spontaneous arthritis in T cell— deficient mice. 
DBA/1 tittermate mice were produced that were cither 
heterozygous (/?+-/-) Or homozygous (j3— /— ) for a 
mutated TCRJ3 chain, or riot were either heterozygous 
or homozygous (5-/-) for a mutated TCRS 
chain* It was previously reported that homozygotes 
lacked either o/fi (£-/-) or -y/8 (5-/-) T cells, while 
hctcrozygotes had normal T cell subsets and were 
indistinguishable phenotypically from wild-type (+/+) 
mice (7-10). 

The spontaneous development of arthritis was 




Ffcgwre 5. Histology of spontaneous sirLhritte in male DBA/1 mice. A, 
Enthesophyte formation on tbe calcaneus of a wild-type, 10-xnonth-old 
mouse (Safrairin O and fast green-stain cd section; original inagnifica- 
tian X 25). B> Ealhesophyte formation in the proxima) intcrphataiigeai 
joint- of an <xffi TccU-dcfie»ent, 7-montb-ofci mouse (hematoxylin and 
crythrosin-scraed section: original magnification X 100). B = bone; 
NB = bw bone; NC = new cartilage. 
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Fi^ero Spontaneous arthritis and toe stiffness development in mice 
deficient me/pT cells eoropared with normal Iittermatcs. Adult mice 
ages 5-13 weeks TccU-deficica; (n = 17] and normal Uucnnaxes 
[n = 15]) grouped and examined for 24 W€CXs. A, 

Incidence ol arthritic toes (affected mice/total number of mice in each 
proup). R, Incidence of ttirtened toes (affected mice/total number of 
mice m each group), No statistically significant difference (by Fisher's 
exnet test) was Observed between the Eicups at any time point. 



evaluated in cither a/j3 or y/B T cell-deficient mice 
compared with the phenotypically normal heterozygous 
littermates. Figure 6 shows the results of an experiment 
id which T ^11-dcflcicnt mice (J3-/— ) were com- 
pared with normal (J3-r/-) Uttermatcs for the develop- 
ment of arthritis and toe stiffness. No significant differ- 
ence in the disease course was observed between the 2 
groups concerning incidence of arthritic or stiff toes over 
time. The high mortality observed among <*//5 T cell- 
deficient, mice (Figure 6A) was most probably due to 
their severe immunodeficiency and their propensity to 
spontaneously develop inflammatory bowel disease (ll). 
Histologic sections of paws from arthritic ccjp T cell- 
deficient mice were ea^mined and found to be indistin- 
guishable from those. of arthritic wild-type mice (Figure 
5B). Figure 7 shows the results of an experiment in 
which tf$ T cell-deficient mice (6W-) were compared 
with normal (5+/—) linermates for the development of 
arthritis and toe stiffness. No significant difference in the 
disease course was observed between the 2 groups 
concerning incidence of arthritis or stiff toes over time. 
The lack of either o/j8 or y/b" T cells did not sigmflcantly 
affect the mean day of disease onset, the mean age at 
disease onset, or the incidence of arthritis or toe stiffness 
(Table 2). 

DISCUSSION 

Histologic mveatigation of male DBA/1 mice that 
spontaneously develop arthritis revealed that the disease 
is an enthesopathy characterized by fibroblast prolifera- 
tion and the formation of periarticular enthesophytcs of 



cartilage and bone. There were no changes detected in 
articular cartilage and bone, although in some cases the 
enthesophyte outgrowth resulted in marginal ankylosis. 
By using TCR mutant mice lacking either ac/p or y($ T 
cells, we were able to demonstrate that the spontaneous 
arthritis is T cell independent Although spontaneous 
arthritis in DBA/1 males can be niacroscopically difficult 
to distinguish from CIA. OA is characterized by ernsion 
of joint cartilage and bone and is strictly e>//3 T cell 
dependent (7)_ Wc can thus conclude that the sponta- 
neous arthritis in the DBA/1 mouse is very different 
from CIA in the Sane strain. 

Enthesopathr is common in humans and can 
accompany many disorders, including inflammatory* 
traumatic, degenerative, endocrine, and metabolic con* 
ditions (12). Tnftommatory changes are characteristic of 
the enthesopathy that accompanies certain rheumatic 
diseases, particularly seronegative sponctytorthropathies 
(12). In ankylosing spondylitis, the en the sis is the pri- 
mary pathologic site, and -cnthases are affected hi hoto 
synovial and cartilaginous articulations, as well as in 
extxauj titular locations. Osseous proliferation produces 
capsular enthesophytes with progressive ankylosis at the 
margins of the articulation. These pathologic features 
arc strikingly similar to the spontaneous arthritis in the 
DBA/I mouse. There are, however* histologic differ- 
ences between ankylosing spondylitis and the murine 
spontaneous arthritis. For instance, in the joints of 
patients with ankylosing spondylitis, there is cellular 
infiltration by lymphocytes, plasma cells, and polymor- 
phonuclear, leukocytes, with associated erosion of the 
subligamentous bone, which is not found In tha DBA/1 




'Figure 7. Spontaneous arthritis and toe stiffness development in mice 
dttfcic&t in yf& T o»Hs compared with normal iittcrnaatcK. AduJt mice 
ages 11-23 weeks (y/St ccN-dd3tiem |n = 23] and nftfm&l lftfcnnaies 
[q - 151) were grouped 10-1 1/cagc and examlcca for 19 weeks. A, 
Incidence of arthritic toes (affected mlec/toral number of mice in c^ch 
group). B, incidence of stiffened toes (affected mice/cotil rmrcber of 
mice in each group). No statistically ^ignificaat difference (by Kshcrt 
cravrt test) wis observed between the groups at nay time point 
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*Mt Z. Spontaneous arthritis and toe stiffness in T ccJJ-dcficicnt male DBA/1 mice* 





Day of onset, mean 


^ SD* 


Age ol onset, rocaw 






Incidence, %H 




Ixpcrimeni, 


Arthritic 


Stiffened 


Artlirfrlc 


Arthritic 


Stiffened 


Arthritic 


Ailbrilic 


SlilTcucd 


ArUiriUe 


enotypc (n)t 


toes 


toes 


anJdcs 


iocs 


toes 


ankles 


toes 


toes 


aaluei 


Ixperiraent 2 




















TCR0+/- (J5) 


48 ±32 






IB ±3 


25 = 6 


29±4 


53 


47 


27 


(17) 






121 ±0 


19*5 




2320 


47 


41 
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pepcriraent 3 




















TCRS^/- (19) 




53 2 43 


90 2<5 


23 = 7 


25 = 0 


312(5 


53 


75 


37 


TOW-/- (23) 


' 2fi= 35 


61 2:41 


75=0 


21x5 


27 = 6 


52 = 3 


52 


74 


9 



Protocols for experiments 2 and 3 axe described in the legends of Figures 6 and 7. In both experiments, there were no statistically significant 
jffcrcnccs between the groups Sort *ny measured parameter. 

T cell receptor (TCR) mice arc deficient ina/fiT cells, and TCR5-/- mico are deficient in y5T cells. TCR0-*-/- and TCRS+/- ro ice 

re coQtrol Jittcnnatcs with wild-type T cell phenotypes. 

Day (post grouping) when the first arthritic toe; stiffened toe, or arthritic ankle was observed. Calculations were performed for affected mice only. 
Age of the moose (in weeks) when the first arthritic toe, stiffened toe, or arthritic ankle was observed. Calculations were performed £ar affect ac 1 
ofco only, 

Anccica mlccAout number of mtce In each croup. 



aodeJ- "This iadcatcs that the etiologies of the diseases 
nay differ. 

The joint disorder, observed in DBA/1 mice also has 
imflaiities to another human disease, diffuse idiopathic 
keletal hyperosiosJs (DISH). The prinripa] manifestation 
>f DISH is ligamentous calcification and ossification of the 
tntcrolatcral aspects of die spinal column* sometimes 
ending to bony ankylosis (13). DISH frequently involves 
he peripheral skeletal system, jresultuig *n e»thc$cal os$i- 
ication and bony spurs (13). DISH affects predominantly 
nales (2:1 malerfemale ratio), and males appear to be 
nore sevexety affected (13). In a radiographic study of the 
lands, prominent enthesopatby with mild or marked new 
>one formation was seen in all DISH patients investigated 
l<i). In another study, the prevalence of palpable finger 
oint nodules (Heberden's and Bouchard's nodes) was 
drnost twice as frequent in spinal DISH patients compared 
vith controls (15). This increase was most marknd at the 
?JP joint and in males (15), 

Importantly, DISH seems to occur independently 
>f disc degeneration in the spine (13). Several studies 
tave also found thai DISH patients have an increased 
ncidenee of otesity, diabetes, hypertension, and gout, 
iuggestuifi that endocrine and metabolic factors may 
alay a role (13). When we performed whole body 
radiography of mala DBA/1 mice with spontaneous 
uthritis, there were no changes in the spine (data not 
shown). This is in contrast to seronegative spondylar* 
ihropathies and DISH, which have marked spinal 
Ganges. This might be explained by die increased 
.oading of the spine and paraspinal soft tissues in a 
bipedal species. 

-In the mouse, 2 spontaneous, joint diseases with 



similarities to the DBA/1 mouse spontaneous arthritis 
have been reported, namely, progressive ankylosis and 
ankylosing enthesopathy (AN KENT). Progressive anky- 
losis is caused by an autosomal recessive mutation (<mk) 7 
which generates a severe and gradual fusion of the joints 
in the limbs and axial skeleton (16). Hie joints first 
develop a proliferative synovitis, sometimes associated 
with marginal erosion Of the articular cartilage and 
periosteal bone. Subsequently, cartilaginous enrheso- 
phytes bridge the margins of the joint and undergo 
ossification (16). All mice that are homozygous for the 
ank mutation appear ro develop ankylosis, anrt males 
and females are equally affected (16). Progressive anky- 
losis develops in athymic nude (mtfrtu) mice, and induc- 
tion of disease by. transfer of cells (spleen or bone 
marrow) or serum has been unsuccessful (17). This 
strongly indicates that progressive ankylosis is not im- 
mune mediated (17). Identification of the mutated gene 
causing progressive ankylosis will contribute to our 
understanding of the pathogenesis of ossifying enthe- 
sopathy. 

ANKENT is a naturally ocr^rrfng jofnt disease 
observed at low frequency in several inbred mouse 
strains (18). Macxoscoprally, ANKENT consists of a 
Stiffening of the ankle or tarsal joints. Histology of joints 
with ANKENT reveals a proliferation of chondrocytes at 
the entheses, with formation of enthesophytes that may 
lead to marginal ankylosis (19), ANKENT occurs almost 
exclusively in males, and grouped caging increases sus- 
ceptibility to ANrxllNT (l$,20). There are, however, 
clear differences between the spontaneous arthritis in 
male DBA/1 mice described here and ANKENT. AN- 
KENT has not been reported to affect toe joints, and 
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DBA/1 mice >vere resistant to ANKENT. In contrast, the 
highest incidence of ANKENT was found in C57B1 
strains that are resistant to spontaneous arthritis (3,15). 
Id addition, ANKENT develops several months later 
than the arthritis described hero in DBA/1 iruce. Inter- 
esting^ HLA-B27 transgene is a relative risk factor for 
ANKENT (18), but further e^eriments are required to 
provide more direct evidence for a role of T cells in 
ANKENT. 

Afl of the above diseases involved pathologic 
changes in enthescs. Therefore, the critical question is 
why entheses are so prone to changes, including forma- 
tion of ejTthcsophytcs, Anatomic considerations may be 
helpful in addressing this issue. Enthcses are known to 
be metabolicaliy active and have a prominent nerve and 
blood supply (12). In particular, the high vascularity of 
the en thesis may help explain why endocrine and meta- 
bolic conditions preferentially affect this site- In humans, 
enthesopathy resulting in bone outgrowth is a prominent 
feature of several endocrine disorders, including, diabe- 
tes raeUitus, acromegaly, and hypoparathyroidism (12). 
In mice, enthesopathies have been experimentally in- 
duced by. injection with compounds affecting the cell 
metabolism, such as retinyl acetate and transforming 
growth factor £1 QVGVpl). 

Arthritis was induced in mice of the OH-A^ 
strain by daily feeding with high doses of retinyl acetate, 
a vitamin A derivative (retinoid) (21). Retinyl acetate- 
induced arthritis affects mainly toft hind, limbs and 
con.tisrs of the production of enthesophytes and periar- 
ticular bony bridging (21). The incidence and severity of 
arthritis were significantly correlated with the total 
administered dose of retinyl acetate (21). Retinoids are 
known to affect the expression of genes and gene 
products involved with both cellular proliferation and 
differentiation (21). The mechanism by which retinyl 
acetate induces the formation of enthesophytes remains 
to be defined. 

Injection of TGFpl into the knee joints of male 
C57B1/10 mice was reported to induce both chondrocyte 
proteoglycan synthesis and osteophyte (enthesophyte) 
formation (22). TGFjSl plays an important role In cell 
proliferation and differentiation, as well as in the syn- 
thesis; and degradation of extracellular matrix (22). High- 
levels of TGPpi have been found in affected jointt in 
osteoarthritis and RA patients (22). Consequently, it 
would be oi great interest to test whether similarly high 
levels of TGF/31 are present in arthritic joints of DBA/1 
mice. 

The preponderance of male susceptibility to 
spontaneous arthritis in DBA/1 mice Indicates a role for 



sex hormones. Our laboratory has previously shown tnat 
no arthritis developed after castration of male DBA/1 
mice, and that disease susceptibility was restored by 
testosterone treatment (3). Attumber of studies indicate 
a direct influence of androgens on bone and cartilage 
cells, and in vitro, androgens can directly stimulate the 
proliferation of osteoblasts (23). Testosterone has been 
found to enhance bone formation and calcification in 
fetal mouse long bone in vitro (24), and testosterone 
treatment Of juvenile frogs (Xsnopus laevis) induced 
chondrogencsia in the larynx (25). Consequently, andro- 
gens may have a' direct role in the generation of enthe- 
sophytes 'in male DBA/1 mice, 

Enthcses are areas of great stress naturally, and 
this might obviously play a role in their susceptibility to 
pathology. Several factors, such as tedious physical 
activity, overstress, local ischemia, aging, and trauma, 
have been suggested to cause degenerative enthe-sopathy 
and production of enthesophytes (12>15), Spontaneous 
arthritis in male DBA/1 nuct. may be influenced by 
aggressive behavior, leading to stress and trauma m the 
joints. This is supported by observations that grouped 
caging enhances the development of spontaneous arthri- 
tis. In addition, no arthritis was observed in cages with 
<3 males or in castrated animals (3). Experiments with 
partial meniscectomy m rabbits Suggested that forces 
exerted at the »ce of joint capsule attachment to the 
bone might play a primary role in osteophyte indverlon 
(26). Osteophyte and enthesophyte production maybe a 
compensatory medianism in the case of joint instability, 
a hypothesis supported by the fact that marginal osteo- 
phytes have been reported to stabilize osteoartbritic 
knees (27). # ... , 

In conclusion, the naturally occurring arthritis in 
DBA/1 roAle mice is aT ceH-iidependent enthesopathy 
characterized by periarticular hyperostosis and marginal 
ankylosis. This suggests that the enrhftsopaihic process 
leading to peripheral ossification of the joints in human * 
cnthesopathiec like DISH and seronegative spondyiar- 
thxopathies is nor T cell mediated. 

AC^OWUS»GM£NTS 

We wish to thank Margarcta Svcjme for expert help 
with the histologic 'preparations, Alexandra Treschow lor 
critical reading of the manuscript, and Lcnnart Lindstrorn. 
Carlos Palestrp, and Yvettc Batting for taking good care ofuio 
animals. 

REFERENCES 

1 Conrtenay J5, Etall^^ MJ, Daysui AD, Martin A, Mweual B* 
Immupizattcn against HeierolosOuJ type It collagen htfuccs ar- 
thritis Id mice. Nature 1980^:666-7, 



m 

1 



% 



8 



04- 5 — 2 1 ; 1 7 : 3 8 ;¥*S^SI$Bi FISH (CA) ; 03-35 03-237 7 

5-21 ; 1 5 : 57 I FROM I E R, KYOTC UNIVERSITY ; S 1 7 5751 382 0 



T CBlXr-INDEPENDENT OSSIFYING ENTHESOPATHY 851 



X Nnrcaine C KaTJsson-Parra A. Jansson L. Holmdahl R, IQarcskog 
I* Charactei32atioii of a spontaneous occurring arthritis in male 
DBA/1 mice Arthritis Rheum 1992;35:717-22. 

3- Hobiidaht R, Jansson L, Aitdertten M, Jonssoc R. Genetic, 
hormonal and behavioral influence on spontaneously developing 
arthritis in nwmol roJuo. Clin Exp Immunol l992;88:4v>-72. 

4. Hzutj; L, HicofJlopoulo? AN, pixon EJ. A spontaneous rhcuma- 
toiO" arthritfc-Jiko disease in MRU1 mice. J Exp Med 19S2;155; 
1690-70L 

5. Bouvct J-?, Couderc J, fiouthillicr Y T Franc B, Ducailar A, 
MuulOu JO, Spontaneous rbcuma toid-lBce arthritis in & Hue of mice 
sensitive to collagen-induced arthritis- Artliritis Rheum 1990;33: 
1716-^2. 

; fi. Nafcamura K KbsWvkikuu 5, Totoigirtu K. X^fc*«ioto V, Moro- 
[ hoshi Y, NaJmno T, ct id- Sponbmecms degenerative poJywthritin 

! .in male New Zealand bfoeJc/KN mice. Arthritis Rheum X$9l#4l 
171-^0. 

7. Corthay A, Johansson A. Vestbem M„ Holmdabl R. CoUagen- 
induced arthritis development requires alphabets T ecus put not 
ganvnadelta T cells: studies with T cell-deficient (TGR mutant) 
! mice, tot Jfwmmo) 1999; 11:1 0fi5--73. 

S. Mombacm r\ Clarke AR, Rudnickl MA. Xaoozninl Jf, Itohara S, 

• T faille JJ, ct al. Mutations in T-cefl antigen jcccptor genes alpha 
and beta block thymocyte development at different stages. Nature 

[■• 9. noftara S, Mambaerts P, LalaillC J, tecomini J, Nelson A t Oariec 
^ AR, Ct ai- T cell receptor delta geco mutani truce: kndepaddtnt 

t' generation of alpha beta T cells and programmed rearrangements 

>. of gaiunla delta TCR genea. Cell 3993;72337-4$. 

\ 10. Nfomba&rts F, M^O&uchi E, Ljunggfea HG, laCOtninf Jf, t^ihifeiwn 

£ II, Wflrt£ L» et oL Peripheral lymphoid development sand -frmcLion 

* in TCR railTAAt mtcc. lnt Immunol 1994;6:1061-70. 

f. 11. Morabacrts P, MiSOgUChi JE, Grusby MJ, Glimcber LH, Bhiin AK, 
.\ Tvneuawtk S. Spontaneous development of inflammatory bowgl 
[r discos© iii T call receptor mutant xn*ac Cell 1993;75:275-82. 

i' 12. RcsnicV r>. Ntwu^ima G. Entncscs and eiuhesojrtifty? aimomicaL. 
t, paibplogiCaU And radiological correlation. Rndiblog/ 1983;146: 

| 1-9* 

!• 13. Uteingcr PD, Diffuse idiopathic skeletal fcyperoitiaAk. Oiu Rheom 
F r>i0985;ll:325-5l. 

> 14. Lirtlcjolm CO) Vcv^tz MB, Smytbe HA, Keystone UC Racfio- 
; t ' graphic foftturcs of the in diffusa idiopathic skeletal hypzr- 

K - oslotis (DISH): comparison with normal subjects tind acromegalic 
? • patients. HadlolO£V 40^23-9. 

i; 



I' 



15. Schlapbach P, Ocyeler c; Gerber NJ. van dcr Linden S, »urK» u, 
F»ch3 WA, et bL The pfevolonoo of palpable fmgar jabil nodule* 
ro diffiise idiopathic skeletal hyperostosis (Dim): a controlled 
Btudy. Bt J RbcumAtoI 1932;31:531-4. 

16. HaKim FT, Cranley R, Browu KS, Eancj BD F Home T n Oppen- 
Jioim JU. Hereditary joint disorder in progressive ankylosis (aptf 
ink) mice. L Association of oddum hydroxyaparite deposition 
with £nfbm>mfttory arUwopaihy. ArthriDS Rheum 1984^7:1411-20. 

17. Knig HE. Wiet^refe MM, Yncxtcrg SR. Tanrog JD, Mahowald 
ML. Murine progressive ankylosis is not immunologically medi- 
ated. J Rnoimatol 1997^4:115-22. 

13. Wcinrcich S, Eulderink F» Capkova Pto M, Gaodo Hcm«^- 
nann IT, el al H1A-B27 a relalive xiak £actor in ankylosing 
enlhesopatby in transgeni: mice. Hum Immunol 1995^*2:103-15. 

19. Eulderjnle F, Ivarryi P k Weinrcich $, Ki&tOpatboIogy of nuirinc 
ankylosing caihc50pathy, Pathol Res Pract 1998;194:797-803. 

20. Wcinrcich S, Capk&viL J, Hbcbc-Kfcwryk B, Boog Q Xvarryi P. 
Grouped casing prcdispo»c3 nwle mice to ankylosing eatbe&opa> 

ihy. Ann Rheum pi* X99fi;SS:64S-7. 

21. Bodcn SD 4 LxbrOpouIos ?A. Ragsdale BD. OullinO PM, Geroef 
LH. Keiinyl acctaic-induccd arthritis in CSH-A 1 ^ mice, ArthrUU - 
Rheum 1989;32;62S-33. 

22. Van Beuniogen HM, van der Kxaan FM, Arntz OJ, van den Berg 
WB. Trar^forTnin^ (jrwvtb fodor«bcla- 1 stirnulatcfi anicolar Chon- 
drocyte proteoglycan synthesis and induces osteophyte forum don 
in the murine knee joint. Lab Invest 1994/71279-90. 

23. Kftspetlc CH, Wcrgcdal JE, Farley JR, Linkhart TA, Turner kT, 
Bayllnk DJ. Androgens directly stimulate proliferation of Done 
ecdls in vitro, ^docrinolox^ 1989:124:157^-8- 

24. Schwartz Z. Soskolnc WA, Neubauci T, Goldstein M, Adi S, 
Ornoy A. Pirect nod sex-specific enhancement of bone formation 

' and calcification by sex stezoidf in fetal mice long bona (n vitro 
biochemical nfid niorphfl metric study. EadocrinolOCf 1991; 129; 
1167-74. 

75, Sassoon D r Segil N. Kcllcy D. Androgen-induced myogcnosU and 
cJbondro£coc«i9 in the larynx of Xcnopus laevis. Dev Biol 19S(S; 
113:135-40. 

2G. N(oslcowil2 R1V. Goldberg VM. Studies ol OSTCOplrylc i^ruJojecuo- 
In experimentaUy indueed obictikirtluitis. J Rhoumotot 1927; 14: 

27, Pottenger LA, fOlUlpS FM, Oraganich LF. The eJTCCt'of marginal 
ostcopnytes On reduction of varus-valgus instability in ontcoar- 
thrttlc knees. Arthritis Racum i99^33iS53-8. 



Arthritis & fthwtmati&m arid Arthritis Care and Research Available Online 



Arthritis & Rheumatism and Arthritis Care end Research are now being published online, under the 
addresses vvww.arthrttisrt1eu7Ti.or9 and www.arthritiscarere9.org, respectively. Untif July 2000. access to 
the sites will bo fr^e; after that timo, nonsubscriber? will have access on a pay-per-view basis. Subscribers 
to the print versions of the journals wHI continue to have free access to tne electronic versions as part of 
their subscription* This will be acoompMshed with an initial sign-in via the subscriber number from the 
journal mailing label; subsequently, the subscriber will be able to choose a user name and password. Each 
issue of the journals will be electronicany published in rts entirety. The online journals will be linked to each 
other, to the ACR Web site, and to Medline. Several simple and sophisticated search features will be 
included. Planned features include linking to other journals with which reciprocal arrangements have been 
marie, linking lu ulht* sources, e^lerts for specific content, and use of supplemental color figures in 
articles. 



04- 5-21 ; 1 7:38 ; 
04-' 5-21 ; 1 5 : 57 



FISH (CA) 



; FRONTIER, KYOTC UNIVERSITY 



; 0 3-3 503-23 77 
?81 757513620 



# 10/ 
2/ 13 



595 



CONCISE REPORT 



Ankylosing enthesilis, dactylitis, and onychoperiostitis in 
male DBA/1 mice: a model of psoriatic arthritis 

R J U Lones, P Maffhys, K de VJarn, I Derese, F P Luyten 
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Psoriatic anhxhis (PsA) is « common and destructive 
chiank inflammatory joint disease with a long term 
functional outcome [hot appears to be comparable io 
rheumatoid arthritis,' Specific clinical signs of PsA include 
ankylosing enthesitfa (AE) in the peripheral joints and 
dactylitis.* irrlmary enihesitis is suggested to be the char- 
acteristic feature/ Therefore PsA is part of the spondylo- 
arthropathy (SpA) concept.* Psoriatic nail lesions jroch as 
onycholysis, formation of Subungual oil spots, and pitting 
nails are often encountered in patients with psa. onycho- 
puchydcrnro-pcriostiiis (OPPJ with periosteal cell prolifera- 
tion and erosion of the distal phalanx is a les* common yet 
pathognomic sign of PsA. 9 * 

Spontaneous arthritis in aging male DEA/1 mice <SpAD) is 
characterised by At In the peripheral joints of the hind paws. 
Its pathology is strongly rcmimsocut of human SpA and SsA 
in particular* Despite clinical signs suggesting important 
joint mfinrxxmaticm* the specific relevance of thb model to 
human dironic arthritis has fceea debated, given Lhe absence 
of inflammatory infiltrates in the synovium 7 as well as ihe 
oDscrvanon that Dom T cell rcccpTor op ana y6 KnacKour mice 
develop disease wjUi similar incidence <md scvoi(y as> wild- 
typc mku.' 

Wc su^pentcd that not all <3ir>oa3c manifestations may hAVC 
been dcKCTibod in the: model. A hitherto unrecognised 



inflammatory reaction may precede signs of AE, Therefore, 
wc examined mice at different ages with or without 
symptoms- Wc report that not only AE bm also dactylitis 
and nail invofremem in SpAD are strikingly similar to human 
SpA and, in particular, to psa. 

MATERIALS AND METHODS 

Attimol experiment* 

in lour different experiments, 33 male DBA/1 mice from 
different 1 1 tiers were caged together at the dgc of 12 weeks 
(4-6 mice per cage) and dwdced twice weekly far clinical 
sixus of arthritis. In ihc J&rst Ujuix- cxjjcrimcnb animals were 

kflled 7 (ige 21 wcCkl, 30 nikc) or S week* (05c 24 

2x5 mice) after the first symptoms in the cohort developed. 
In one experiment the animals w*r* killed 4 weeks after the 
ttrst signs of disease occurred (age 25 weeXs, v mice). Hi* 

•local Ethical Committee fi>i Aiiiinal Experiments approved 

the procedures. 
Pathology 

A compleie aiicroscoptc analysis or forefeet from the hind 
paws was performed in 25 animals {experiments 2-4). Mice 
hind paws were dissected, fixed in formalin for to hou», 
decalcified vising Decal (Scrva, Heidelberg, Germany) for 
72 hours, dehydrated, and embedded in paraffin. Sections 
were ait in a transversal plane allowing analysis of all 
interphalongeal and metatarsophalangeal joints. Sections 
were stained with hacroatoxylin and cos In, 

RESULTS 

In four different experiment 33 mice were studied (table 1 ). 
Complete pathological analysis was performed in 25 rtricc 
(table J), Disease incidence varied between 50 and IOC* in 
diflertrtl experiments (table 1). Our clinical obscrv^TiOn* 
were largely similar to those previously reported. 7 Joint 
swelling, jaim *tif(nc*s *s demonstrated by loss of grip 
rtmction on the cage grid, and joini deformity were the major 
symptoms (table 1). Wc also noticed an abnormal posinoji of 
the nail in affected anhrals suggesting specific involvement 
of the noil bed and/or distal phalanx. At the end of the 
observation, period 26/66 paws (3°%) appeared normal. A 
score X (one toe affected} 7 was given to 1O/06 paws (\5%). a 
ncotc 2 (more than one toe affected) was assigned to 6766 
paws (?%). Progressive disease as demonstrated by toss of 
grip function due to toe stiffness (score 3 ) was found In ) 1M 
paws. Ankle arthritis or persisting deformity of a roc 
(score 4) was seen in 15/66 paws (20%). In addition, nail 
involvcmcni was nortccd ttl 6/(5$ (12%) paws. 

HiTee different manifestations of the disco*? were xcCDJt" 
nised by microscopic analysis t table I). Typical si^ns of AE 
characterised by endochondral bone formation were similar 



Abb j o Wofa ng AE, ante/losing antnesjtfi; OPP, onycKo-pach^fatmo- 
periostitis; PsA, psoriatic arthritis; SpA, SDC^ylcomrepothy; SpAD r 
^pcrtJcwvjwt «Hhrffi9 f" oging male DBA/1 mico 
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Figure 2 OnycSopcrbaHJis. in spontancou* arthritis in aging male DfiA/1 mica. IA) Overview showing a nomtol toe and ndft witn .-hfc ufteWkftw 
fMm [emoMheceO w wdl w o *oc with gr effected noil ond distd phoJonx pcriosKKs (crrow); IB] detail of normal nail bod and distal phalart* > IC 
t ^I^^jSSl^. ^\ 8h ? w " nB ? 5^P c p :, = lli ^" , l j nUe (9 ^ d«*rvcJivB. parmw-iatc tfcau* {£) fading iho vndwMno d&d phabnx 

|am> fju!. ; * : T 0 *" il^T" 1 ^ *P ,r ™ thapod CAflx and Mima laid] Wood vau&Ii (erravAftBdi); (F) lei* tiog* Artvckop*n'o»£l^ rwvtfog in 

compbfo domxfanr or the nail bed end mo distal phalanx (ofrowriBad). rtownaroxyiln and eosln srasnlng; bar= 800 urn (Aj, 400 urn |F), 200 tun IB, 

C, c) f and £0 pun (D), 



to those previously reported, 7 AE occurs rapidly. Already after 
4 weeks of clinical symptoms abnormal cartilage and bone 
formation "were found in 5/3 4 And 1/14 paws respectively 
< table I}. Eight weeks after clinical disease* cxnjct. cartilage 

formation was seen in 9/20 paws. Entheslal blue forma lion 
leading to joint space bridging was seen in fi/20 paws at this 
ilme (table It 

Wc also noticed daetylUU* and onycHopcrio5tit£>, The 
unexpected presence of dactylitis t/os noticed in ^50 paw? 
(tabic 1, fig 1). In contrast with the normal toes (fig 10), the 

"jausa gc" dipt characterised byCWtC"STVC 5Tibciit«*DCOi1S 

uedcina and on acute innnmniacDry reaction involving 
numerous neutrophils <figs IC and D). No specific signs of 
inUflWWisTojy ini\ttTax5 witbfel the synovium were recog* 
nlsed. In contrast, tenosynovitis with pcrim oscular ?nd 
tendon sheet Oedema as well as cdl inTUlialiun were seen 
(ng ic arcewncad). The overlying skin appeared normal. 
"There were bo or hyytff:c2ti<o$i& or dcnnal hyperplasia. 
In two animals the acute inflammatory reaction apparently 
nncctcd the enthesis itself, suggesting a link between the 

occurrence of dactylitis and AE [Or IE}. No inflammatory 



Cells were found within the fibrocartilagc, but neutrophils, 
some mononuclear cells, and fibroblasi-like cells were (bund 

at the border of the cnthcsi* in c>OSC ontnet with the 
underlying bone at)tl GbrOCujlilayc (fig IF>. 

In 3driit>on, section through affected naiJs showed 
broadenirii* Of the noil base (fur 2A) and extensive cell 
proliferation above ilie dlsial phalanx, susses tine subonychal 

periosteal cell actEvatior. (fig 2Q. Cells within this U55UC 

mainly had a spindle shaped appearance and had prominent 
nucleoli (fig 2I>), A few small Wood vessels were found in. the 
abnormal tissue ifis 2DX Wc found cells invading the bone, 
suggesting the presence of a periosteum derived, pannus-like 
tissue (fig 2E), in advanced stages the process of onyefao- 
perios litis hod led to the complete destruction of the distal 
phalanx and the overlying nail (fig 2F). 

DISCUSSION 

Wc Dave dtmonsnateti AH, aacrylirJs, and Dnycnopefiostliis 
hi a spontaneous murine model of AE. These data ftmher 
suggest common diftracteristlea between Ut= murine dbc^c 
and human SpA and, in particular, PsA. 
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Dactylitis is a characteristic feature of ft A, encountered in 
about one third or patients at some stage in the disease* It is 
more rarely recognised in other forms of SpA and seldom in 
sarcoidosis* and tuberculosis.* 6 In accordance with our 
findings in the reported animal model, recent magnetic 
resonance imaging and ultrasound studies have suggested 
that diffuse digital oedema and flcxo? tenosynovitis arc the 
IioMiarh feature* of daciyliiis." " McGoriiiglc d cd suggested 
That dactylitis may be caused by adjacent emhcsSu's. 1 lx* LUc 
animal; with dactylitis, however/ no signs of synchronous AE 

or synovixta w«jr* rieon. Similar data wrrr -rrcrntly rrpnTt^H in 

JPsA uring magnetic resonance imaging. 11 Unlike oilier 
features of SpA, dactylitis may therefore not be linked to 
the enihesis. These new insights into dactylitis provide 
further evidence that PsA, in particular, cannot be explained 
by cnihesftfs alone. 

All v/kh endochondral bone forma lion occurs rapidly in 
This animal model. Already within 4 weeks after clinical 
disease onset, noi only extensive cartilage txic also OvAv 
formaiion leading to joim space bxidging is reeoj^ibcd. The 
number of joints affected steadily increases during the 
disease process. fcifini w«e)ts after clinical disease onset. 
mo>t affected joints snow signs or pudiuiogicai bvux 

for mnl i n re, leading to joint space bridging and functional 

ankylosis. Although the mechanisms leading to AE are not 
Clear, the possibility csnnnc he excluded that dactylitis 

uisgcis mis process Dy ine presence of an iiifia/nmaiory 

rcACliuzi in jpHj*i truly to tlu; cuda;3Ja, 4* Vv^ij W&[»tcd by OUI 

observations in two animals. 

OW haj been described as a highly specific feature of 
F£A_» ' Onychodystrophy* soft linsue swelling and bone 
erosion?, of the distal phalanx typically Characterise OFT. 

Our microscopy observe lions su^di iluit prulifcracivtr 

periostitis affects both the underlying bone and the overlying 
nail base in a continuous process. A Mimilur *meehanlsm may 

explain tnc strong rc/Arionsnip octwecn cnsrai intcrphaun- 

geal joint axthriilvenihe^uis and psoriatic nail Involvement. 
Our observations ore largely similar to the destructive 
Inflammatory txie disease in different HLA transgenic mice 
racking their own major nisiocompatibiliTy complex." 

remarkably « wc did nut sec signs cf skin involvement in 
DBA/1 into;. Oil the Other hiina siruSs factum bave an 
important, role in SpAD as in humoi psoriasis and P5A, 
Grouping of male mice, causing a substantial level of stress 
and aggressive behaviour. Is required for the development of 
disease. 

Wc Llu.-rc.fori; conclude diac SpAD sr.ows son*; wirapCCtcU 
but very s Diking similarities to PsA. Therefore SpAD is not 
only an attractive model for studying the process of AE, in 
particular of pathological cartilage and bone funnatiDn but 
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also for studying links between SLrCSi. inflammation, and 
pathological bone formation and for targeting specific 
genetic raeiabub'c, and in flam mat cry factors potentially 
relevant to t*sA. 
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Rheumatoid arthritis (RA), which afflicts about 1% of the world 
population, is a chronic systemic inflammatory disease of 
unknown aetiology that primarily affects the synovial mem- 
branes of multiple joints 1 " 3 . Although CD4 + T cells seem to be 
the prime mediators of RA, it remains unclear how arthritogenic 
CD4 + T cells are generated and activated 1-3 . Given that highly 
self-reactive T-cell clones are deleted during normal T-cell devel- 
opment in the thymus, abnormality in T-cell selection has bee* 
suspected as one cause of autoimmune disease 0 . Here we show 
that a spontaneous point mutation of the gene encoding an SH2 
domain of ZAP-70, a key signal transduction molecule in T cells 6 , 
causes chronic autoimmune arthritis in mice that resembles 
human RA in many aspects. Altered signal transduction from 
T-cell antigen receptor through the aberrant ZAP-70 changes the 
thresholds of T cells to thymic selection, leading to the positive 
selection of otherwise negatively selected autoimmune T cells. 
Thymic production of arthritogenic T cells due to a genetically 
determined selection shift of the T-cell repertoire towards high 
self-reactivity might also be crucial to the development of disease 
in a subset of patients with RA. 

The SKG strain, which spontaneously develops chronic arthritis, 
is derived from our closed breeding colony of BALB/c mice. Joint 
swelling with hyperaemia became macroscopically evident in SKG 
mice at about 2 months of age, initially at a few interphalangeal 
joints of the forepaws, then progressing in a symmetrical fashion to 
swelling of other finger joints of the forepaws and hindpaws, and 
larger joints (wrists and ankles) (Fig. la-d). Knee, elbow, shoulder 
or vertebral joints were rarely affected except for the joint at the base 
of the tail in aged SKG mice (Fig. le). Radiographic examination 
revealed destruction and fusion of the subchondral bones, joint 
dislocation, and osteoporosis by 8-12 months of age (Fig. If-i). 
Despite suffering from such severe chronic arthritis, most SKG mice 
survived well to 1 year of age, generally with more severe arthritides 
in females (Fig. lj). 

Histology of the swollen joints showed severe synovitis with 
massive subsynovial infiltration of neutrophils, lymphocytes, 
macrophages and plasma cells, villus proliferation of synoviocytes 
accompanying pannus formation and neovascularization, and 
neutrophil-rich exudates in the joint cavity (Fig. Ik, 1), with 
progression of synoviocyte proliferation, pannus-eroded adjacent 
cartilage and subchondral bone. Immunohistochemical staining 
revealed that CD4 + T cells predominandy infiltrated the subsynovial 
tissue (Fig. lm, n). As extra-articular manifestations of the disease, 
most (more than 90%) mice older than 6 months of age developed 



interstitial pneumonitis with various degrees of perivascular and 
peribronchiolar cellular infiltration (Fig. lo); more than 90% showc ^ 
infiltration of inflammatory cells in the skin (Supplementary Fig. la). 
Some (10-20%) mice had subcutaneous necrobiotic nodules, not 
unlike rheumatoid nodules in RA (Fig. lp), and vasculitides (Sup- 
plementary Fig. lb). SKG mice did not show lymphoadenopathy or 
lupus-like diseases (such as immune-complex glomerulonephritis). 

SKG mice developed high titres of rheumatoid factor (RF), 
autoantibodies specific for type II collagen, antibodies reactive 
with heat shock protein (HSP)-70 of Mycobacterium tuberculosis 
presumably due to a cross- reaction with a conserved epitope of HSP, 
severe hypergammaglobulinaemia and a high concentration of the 
circulating immune complexes. However, there were no significant 
titres of anti-DNA antibodies or organ-specific autoantibodies 
such as those specific for thyroglobulins or gastric parietal cells 1-3,7 
(Fig. lq-v). 

Thus, this spontaneous arthritis in SKG mice resembles RA in 
clinical and histological characteristics of articular and extra- 
articular lesions and in serological features 1 " 3 . 

Transfer of spleen and lymph node T cells, CD4 + T cells in 
particular, from arthritic SKG mice produced similar arthritis in 
T-cell-deficient athymic BALB/c nude mice (Fig. Iw), whereas 
transfer of the sera from the same SKG mice did not (data not 
shown). Transfer of thymocyte suspensions from arthritic or non- 
arthritic young SKG mice also elicited severe arthritis in BALB/c 
nude mice and T/B-cell-deficient C.B-17 severe combined 
immunodeficiency (SCID) mice (Fig. lx), whereas thymocyte 
transfer from normal BALB/c mice did not 8 . Furthermore, transfer 
of T-cell-depleted bone marrow cell suspensions from SKG mice 
produced severe arthritis in SCID mice, but not in SCID mice 
thymectomized before the transfer (Fig. lx). These results collec- 
tively indicate that, first, the RA-like arthritis in SKG mice is a 
genuine autoimmune disease mediated by apparently joint-specific 
CD4 + T cells; second, the SKG thymus is continuously generating 
arthritogenic autoimmune T cells; and, third, the SKG bone marrow 
cells give rise to such arthritogenic T cells through the normal 
thymic environment, indicating that the arthritogenic abnormality 
in SKG mice is intrinsic to T cells. 

The primary cause of the arthritis in SKG mice is a genetic 
abnormality, not vertical or horizontal transmission of arthrito- 
genic microbes. The offspring of crosses between SKG and normal 
BALB/c mice, whether the mother was SKG or BALB/c, developed 
no arthritis (Fig. 2a). In contrast, arthritis with a clinical course and 
severity similar to that in SKG mice occurred in about 50% of the N 2 
generation obtained by crossing the non-arthritic Ft hybrids with 
SKG. Thus, the genetic abnormality was presumably of a single gene 
locus (designated the skg gene) and inherited in an autosomal 
recessive fashion with nearly 100% penetrance of the trait in 
homozygotes raised in our conventional environment. 

Linkage analysis between the development of macroscopically 
evident arthritis and the homozygosity of chromosome-specific 
microsatellite markers, performed by using the N 2 generation with 
Mus musculus castaneus (CAST/Ei) (that is, SKG X (SKG X CAST/ 
EijFi mice), mapped the skg locus to the centromeric portion of 
chromosome 1 with the lod score of the locus as infinite (Fig. 2b). 
Another significant linkage was with the region around the H-2 
locus on chromosome 17 (Fig. 2c). This linkage was observed only 
when the mice were maintained in a nearly specific-pathogen-free 
(SPF) condition, but not in arthritis-prone non-SPF conventional 
condition (lod scores at the D17Mit28 locus: 2.95 in SPF compared 
with 0.40 in non-SPF). In the former condition, homozygosity of 
the H-2 d haplotype conferred higher genetic susceptibility to the 
arthritis, indicating that a polymorphism of the major histocom- 
patibility complex (MHC) gene or the gene(s) linked to it can 
contribute to determining the susceptibility depending on the 
environmental conditions. 
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Figure 1 Arthritis in SKG mice, a-e, Swelling of joints: fingers (a) and toes (b) of a 
4-month-old SKG mouse; forepaw (c) and hindpaw (d) of a 6-month-old SKG mouse; 
deformity of bilateral ankles and swelling of the base of the tail (e) in an 1 8-month-old SKG 
mouse, f-i, X-ray photographs of joints: wrist (f) and ankle (h) of an 8-month : old SKG 
mouse, and wrist (g) and ankle (i) of an 8-month-old BALB/c mouse, j, Time course of 
joint swelling in female SKG mice, and arthritis scores of 8-month-old female {F) and male 
(M) SKG mice {n = 1 5 each). Vertical bars represent s.e.m. See Methods for details on the 
scoring of joint swelling, k-p, Histology of arthritis and extra-articular lesions in SKG mice: 
a finger joint of a 6-month-old SKG (k) or BALB/c mouse (I) (haematoxylin/eosin (HE) 
staining, original magnification x40); immunoperoxidase staining of synovial tissue in a 
finger joint of a 3-month-old SKG mouse with anti-CD4 mAb (GK1 .5) (m) or anti-CD8 mAb 
(3-155) (n) (magnification x40) (JC, joint cavity); interstitial pneumonitis (o) and a 
rheumatoid nodule-like lesion (p) in an 8-month-old SKG mouse (HE staining, 
magnification x40). q-v, Serological characteristics of SKG mice: RF (q), anti-CII Ab (r), 



To identify the skg gene, we then constructed a high-resolution 
genetic map of the skg region by using 1,352 mice with arthritis 
among a total of 2,939 N 2 mice (Fig. 2d). The mapping localized the 
skg locus to a 0.37-cM interval between two simple sequence-length 
polymorphism markers (nos 176-15 and 423-2), covered by two 
yeast artificial chromosomes (YACs) and ten bacterial artificial 
chromosomes (BACs) (Fig. 2d, top). Sequencing of several of 
these BACs localized the ZAP- 70 gene on BAC no. 160. Sequencing 
of the entire coding region of ZAP- 70 cDNA from SKG mice and 
comparison of the sequence with that of BALB/c mice revealed a 



Recipients Nude SCID SCID Tx-SCID 

anti-HSP70 antibody (Ab) (s), anti-DNA antibody (t), concentration of IgG (u) and immune 
complexes (v) in the sera from 6-month-old female SKG or BALB/c mice {n = 15 each), 
w, Adoptive transfer of arthritis. The same dose (2.5 x 10 7 ) of whole, CD4+ or CD8 + 
T cells prepared from lymph nodes and spleens of arthritis-bearing 6-month-old SKG 
mice were transferred to 6-week-old BALB/c nude mice (SLC, Shizuoka). Inset, swelling of 
a hindpaw (left) and an intact paw (right) of a nude mouse transferred with CD4 + T cells 
and with CD8 + T cells, respectively, x, Thymocytes (10 8 ) or T-cell-depleted bone marrow 
cell suspensions (5 x 1 0 6 ) from the same SKG mice were transferred to 6-week-old nude 
or C.B.-17 SCID mice (Clea, Tokyo) or SCID mice that had been thymectomized 1 week 
after birth (Tx-SCID). The severity of arthritis in these mice was assessed 3 months later. 
CD4 + or CD8 + T cells were prepared by MACS (Miltenyi Biotec) with more than 95% 
purity. Bone marrow cells were treated with anti-Thy-1 , anti-CD4 and anti-CD8 antibody 
and rabbit complement before transfer 19 . 



homozygous G-to-T substitution at nucleotide 489 in the SKG 
ZAP-70 gene, which altered codon 163 from tryptophan to cysteine 
(W163C) (Fig. 2d, bottom). This nucleotide substitution existed in 
the genomic DNA of SKG mice but not in other strains (see legend 
to Fig. 2). The position of the mutation corresponds to the initial 
amino-acid residue of the carboxy-terminal SH2 (SH2C) domain of 
ZAP-70 (Fig. 2d, inset). 



To confirm that the ZAP-70 



W163C 



mutation was primarily 



responsible for SKG arthritis, we crossed SKG mice, which had a 
ZAP-70 5 ^ /s ** genotype, with the heterozygotes of ZAP- 70 -deficient 
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Figure 2 Genetic study of SKG arthritis, a, Autosomal recessive inheritance of SKG 
arthritis, skg x skg, Ft of mating SKG females with SKG males; skg x c and c x skg, Ft 
of mating SKG females with BALB/c males, and BALB/c females with SKG males, 
respectively; (skg x c^ x skg, N 2 mice of backcrossing (SKG x BALB/cJFt mice with 
SKG mice, b, Genome-wide mapping of the skg locus. The LOD score curves were 
obtained by genotyping 58 arthritis-bearing N 2 mice by detecting microsateliite markers 
(Mouse MapPairs) locating every — 10cM interval on each chromosome, in accordance 
with the manufacturer's instruction (Research Genetics). Chromosomes are identified with 
a number or X in each panel, c, Contribution of the loci on chromosome 1 7 to genetic 
susceptibility to SKG arthritis in a SPF condition, d. Genetic map of the skg locus on 
chromosome 1 with the number of recombinants and physical map of the locus with YAC 



and BAC clones. Inset shows the structure of the ZAP-70 protein and the position of the 
skg mutation. The ZAP-70 W163C mutation in SKG mice was not found in other mouse 
strains including C57BL/6, C3H; DBA/1, DBA/2, 129 + Ter/SV, FvB/N, NOD, MRL-lpr, 
NZWand CAST/Ei. e, SKG mice were mated with heterozygotes of ZAP-70-deficient mice, 
and the resulting ZAP-70 sV " or 2fiP-7Q skgf+ mice were assessed for joint swelling at 5 
months of age. f, Rescue of SKG arthritis by expressing human normal ZAP-70 
transgene 9 . The arthritis score of Tg-824 or Tg-793 mice, which were backcrossed three 
times to SKG mice, was assessed at 8 months of age. The expression of transgene- 
derived human ZAP-70 protein with HA-tag was assessed by western blotting with 
antibody against human ZAP-70 (Santa Cruz Biotech). 



mice (ZAP-70 +/ ~) to produce mice with a ZAP-7Cr* /+ or ZAP- 
70 skg/ ~ genotype 9 and assessed the development of arthritis in these 
mice (Fig. 2e). Most of the ZAP-70 5 ** 7 " mice developed arthritis 
spontaneously by 3 months of age, in contrast with no arthritis in 
the ZAP-70 gf+ mice. Other immunological abnormalities of 
T cells and thymocytes were also similar between SKG mice and 
ZAP-70 s ** /r mice but these were corrected in ZAP-70 s * g/+ mice 
(Supplementary Fig. 2a, and see below). Furthermore, transgenic 
(Tg) expression of the normal human ZAP-70 gene in SKG mice 
under the Ick proximal promoter, which resulted in specific 
expression of the Tg ZAP-70 protein in thymocytes and peripheral 
T cells in two Tg lines, completely inhibited the development of 
arthritis and corrected other immunological abnormalities, con- 
trasting with 100% incidence of arthritis in non-Tg littermates 
(Fig. 2f and Supplementary Fig. 2b). 

Taken together, these results indicate that the ZAP-70 W163C 
alteration is not a mere polymorphism but is the causative mutation 
of SKG arthritis. 



To determine, then, how the ZAP-70 mutation affects T-cell 
signal transduction, we assessed thymocytes and T cells from SKG 
or BALB/c mice for the tyrosine-phosphorylation status of major 
signal transduction molecules, including ZAP-70, TCR-f, LATand 
PLC-7I (refs 6, 10-12; Fig. 3a, b). After stimulation with anti-CD3 
monoclonal antibody (mAb), the levels of phosphorylation of these 
molecules were extremely low in SKG thymocytes and T cells. 
Calcium mobilization, one of the earliest events induced by TCR 
stimulation, was also greatly impaired in SKG thymocytes and 
T cells, presumably because of the decreased phosphorylation of 
PLC-7I (Fig. 3c). Immunoprecipitation of ZAP-70 from stimulated 
SKG thymocytes or T cells failed to co-precipitate tyrosine- 
phosphorylated p21 and p23 isoforms of TCR-f, indicating defec- 
tive interactions between ZAP-70 and TCR-? 10,11 (Fig. 3b). Further- 
more, downstream mitogen-activated protein (MAP) kinase 
signalling pathways involving ERK, JNK and p38 MAP kinases 
were also attenuated in SKG thymocytes 13 (Supplementary Fig. 3). 
SKG T cells showed no enhancement of the expression of Syk, 
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Figure 3 T-cell abnormalities in SKG mice, a, Impaired TCR signal transduction in 
SKG mice. Tyrosine phosphorylation status was assessed by immunoprecipitation and 
western blotting for ZAP-70, TCR-f. LAT and PLC-7 after anti-CD3 mAb stimulation of 
SKG or BALB/c thymocytes or spleen and lymph node (SP/LN) T cells, b, Association 
between ZAP-70 and TCR-f after CD3 crosslinking in SKG T cells and thymocytes. 
IP, immunoprecipitation. c. Ca 2+ mobilization in SKG T cells or thymocytes after TCR 
stimulation, d, Proliferative responses of SKG T cells to various T-cell stimulations, 
e, Proliferation of CD4 + T cells from D01 1 .1 0 or DO.SKG mice stimulated with the 
indicated concentrations of ovalbumin (OVA) peptides in the presence of BALB/c antigen- 



presenting cells, f , Apoptosis of SKG or BALB/c thymocytes cultured with medium alone 
(med.), anti-CD3 mAb (2C1 1 , 1 ^g ml" 1 ) or dexamethasone (Dex.) (100 nM) (left); 
apoptosis of D01 1 .10 or DO.SKG thymocytes cultured with medium alone or indicated 
ovalbumin peptides (1 pM) (right), as described previously 9 , g, Apoptosis of thymocytes in 
SKG or BALB/c mice injected intraperitoneally with anti-CD3 mAb (2C1 1 ; 250 pg) 3 days 
previously 9 . These figures represent three independent experiments. h f Staining of 
thymocytes or lymph-node cells from a 2-month-old SKG or BALB/c mouse with anti-CD3 
mAb. 



another protein tyrosine kinase that might compensate for the role 
of ZAP-70 in T cells 14 (T.T., unpublished data). These results 
collectively indicate that the ZAP-70 W163C mutation might impair 
the recruitment and association of ZAP-70 to tyrosine-phosphoryl- 
ated immunoreceptor tyrosine-based activation motifs (ITAMs) of 
TCR-f and CD3 chains, thereby altering signal transduction 
through ZAP-70. 

In accord with this attenuated signal transduction through 
ZAP-70, SKG T cells were hyporesponsive to polyclonal TCR 
stimulation in virro, for example with anti-CD3 mAb, whereas 
they responded well to stimulation by 12-O-tetradecanoylphor- 
bol-13-acetate (TPA) and ionomycin, which transduces a signal to 
TCR-distal pathways (Fig. 3d). When the skg gene was homozy- 
gously introduced to DO 11. 10 TCR-Tg mice, in which most T cells 
express Tg TCRs specific for an ovalbumin peptide 15 , T cells from 
such mice (designated DO.SKG mice) required a peptide concen- 
tration 10-fold that in DO 11.10 T cells to exhibit an equivalent 
magnitude of proliferation (Fig. 3e). Furthermore, SKG thymocytes 



were resistant to apoptosis induced by TCR stimulation, but not to 
dexamethasone-induced apoptosis, as shown by the stimulation of 
SKG or DO.SKG thymocytes in vitro with anti-CD3 mAb or the 
specific peptide, respectively (Fig. 3f), or by inoculation with anti- 
CD3 mAb in vivo (Fig. 3g). 

SKG mice were also aberrant in T-cell development. In compari- 
son with normal BALB/c mice, TCR high mature thymocytes 
decreased in number and ratio, whereas TCR low immature thymo- 
cytes increased in the SKG thymus; the levels of TCR expression on 
mature thymocytes or peripheral T cells were comparable between 
the two strains (Fig. 3h). The numbers of peripheral CD4 + and 
CD8 + T cells consequentiy decreased in SKG mice, with a relative 
increase in B cells (Supplementary Fig. 4). There was no significant 
difference in the total number of thymocytes or spleen cells, the 
thymic architecture, the number and function of natural killer cells 
(which express ZAP-70) or the composition of T-cell subpopu- 
lations expressing particular TCR Voc or V(3 families (Supplemen- 
tary Fig. 5). 



We then assessed the effects of the skg mutation on thymic 
positive and negative selection by introducing the skg gene homo- 
zygously into TCR-Tg mice 15 - 16 . In DO.SKG (that is, DO 5 **' 5 **) mice, 
the number of CD4 + CD8~ mature thymocytes decreased to —20% 
of normal DO11.10 mice (Fig. 4a). Furthermore, only —30% of 
CD4+CD8" thymocytes were Tg-TCR high (when stained with 
clonotype-specific KJl-26mAb) 15 in contrast to —80% in 
DO11.10 mice (Fig. 4a, b); the rest of CD4 + CD8~ thymocytes 
(that is, KJl-26 low , hence Tg-TCR low thymocytes) in DO skg/skg mice 
seemed to express endogenous TCRa-chains. Similarly, Tg-TCR high 
T cells constituted only -30% of CD4" 1 " T cells in the periphery of 
DO skg/skg mice, contrasting with -70% in DO11.10 mice (Fig. 4a, 
b); Tg-TCR low T cells in DO 5 **' 5 ** mice expressed endogenous 
a -chains associated with transgenic 0 -chains (Supplementary 
Fig. 6). In sfcg-heterozygous D0 5 ** /+ mice, the decrease or increase 
in the percentage of Tg-TCR high or Tg-TCR low T cells, respectively, 
in the thymus and the periphery was intermediate between that in 
the DO 5 ** 7 *** and that in DOl 1.10 mice (Fig. 4a, b). 

In HY-TCR Tg mice that express transgenic TCRs specific for 
male-specific HY antigens on an H-2 b background, female HY-TCR 
Tg mice positively selected HY-TCR + CD8 + CD4~ thymocytes 
(detected by clonotype-specific T3.70mAb) 16 . In contrast, female 
HY-TCR Tg mice with the homozygous skg gene (designated 
HY-TCR.SKG Tg mice) on an H-2 b background hardly showed 
any positive selection of HY-TCR + CD8 + CD4~ thymocytes and 
T cells 17 (Fig. 4c). However, in contrast to substantial deletion of 
HY-TCR + CD8 + CD4~ thymocytes in male HY-TCR Tg mice, male 
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Figure 4 Altered thymic T-cell selection in SKG mice, a, Staining of thymocytes or lymph- 
node cells from a 4-month-old D01 1.10, DO 1 ***® or DO 5 * 9 '* mouse with the indicated 
monoclonal antibodies. Dot-plot figures are scaled logarithmically. Ordinates of 
histograms denote cell number (arbitrary units), b, The percentage of KJ1 -26 low T ceils 
among CD4 + CD8" thymocytes or CD4 + T ceils was also assessed for individual 
001 1 . 1 0, D0^ + or DO 5 * 5 ^ mice, c, Staining of thymocytes or lymph-node cells from a 



HY-TCR.SKG Tg mice showed efficient positive selection of 
HY-TCR + CD8 + CD4" thymocytes in almost a comparable number 
to those in female HY-TCR Tg mice. Furthermore, HY-TCR + 
peripheral T cells in male HY-TCR.SKG Tg mice expressed nearly 
normal levels of CD8 expression, contrasting with low-level CD8 
expression in male HY-TCR Tg mice 16 . 

Both DO.SKG and HY-TCR.SKG mice developed arthritis at high 
incidences (Fig. 4d). Transfer of Tg-TCR low cells (as KJl-26 low cells) 
from such arthritis-bearing DO.SKG mice to C.B-17 SCID mice 
induced arthritis, whereas transfer of Tg-TCR Wgh cells did not 
(Fig. 4e), indicating that TCR-Tg mice with the skg mutation 
positively select arthritogenic T cells expressing endogenous TCR 
a-chains paired with transgenic (3 -chains (see above). 

Taken together, these results show that the skg mutation alters the 
sensitivity of developing thymocytes to both positive and negative 
selection, thereby leading to positive selection of otherwise nega- 
tively selected autoimmune T cells. This recessive mutation affects 
T-cell selection even in the heterozygotes, although to a smaller 
degree than in the homozygotes. Furthermore, the degree of 
impairment in T-cell signal transduction through ZAP- 70 can 
determine the degree of thymic positive or negative selection, and 
consequently the phenotype of immunological diseases. The skg 
mutation of the SH2C domain of ZAP- 70 elicits autoimmune 
arthritis, whereas a mutation in the kinase domain of ZAP- 70 
leads to a severe impairment of positive selection and hence total 
T-cell deficiency 18 . 
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On the assumption that thymic positive and negative selection of 
developing T cells requires a certain range of TCR signal through 
ZAP-70, the skg mutation is likely to raise the threshold of TCR 
avidity for self-peptide/MHC ligands required for the selection to 
compensate for the reduced signal through the aberrant ZAP-70. 
This results in a 'selection shift* of the T-cell repertoire towards high 
reactivity to self-peptide/MHC ligands in the thymus, leading to the 
thymic production of highly self-reactive T cells that would not be 
produced by the normal thymuses of ZAP-70- intact animals. The 
pathogenic self- reactive T cells thus produced by the SKG thymus 
apparently overcome the mechanisms of peripheral self- tolerance, 
for example, mediated by naturally occurring CD25 + CD4 + regu- 
latory T cells 8,19 . However, it remains to be determined whether the 
skg mutation might also alter the repertoire of CD25 + CD4 + 
regulatory T cells or somehow affect their suppressive activity 8, i9 . 

A critical question on SKG arthritis is why this general alteration 
in T-cell repertoire should lead to the predominant development of 
autoimmune arthritis but not other autoimmune diseases. In 
contrast with other organ-specific autoimmune diseases in which 
self-reactive T cells destroy the target cells (for example, type 1 
diabetes due to destruction of insulin-secreting pancreatic P -cells), 
a cardinal feature of autoimmune arthritis in SKG mice (and also 
RA in humans) is that self-reactive T cells do not destroy synovio- 
cytes but stimulate them to proliferate 1 " 3 . This is partly due to a high 
sensitivity of synoviocytes to various stimuli that can activate them 
(as also illustrated by other arthritis models 7,19 " 25 ) and their distinct 
capacity to secrete proinflammatory cytokines (such as Lnterleukin- 
1, interleukin-6 and tumour necrosis factor-a) and chemical 
mediators that destroy the surrounding cartilage and bone 1 " 3,26,27 . 
It is therefore likely that this unique combination of a high and 
broad self-reactivity of SKG T cells and a high susceptibility of 
synovial cells to inflammatory stimuli (including T-cell self-reac- 
tivity) leads to predominant development of autoimmune arthritis 
in SKG mice. 

Our findings indicate that mutations of other loci of the ZAP-70 
gene or the genes encoding other signalling molecules especially at 
TCR proximal steps, even if they are heterozygous mutations, might 
contribute to the development of autoimmune disease by affecting 
thymic T-cell selection 28-30 . Indeed, we have recently found hetero- 
zygous mutations in the ITAM regions of the TCR-? chain gene in 
2.5% of 160 RA patients in our hospital (H.H., N.S., S.N., T.N. and 
S.S., unpublished observations). Physical association between these 
mutated TCR-f chain molecules and the normal ZAP-70 molecules, 
assessed by surface plasmon resonance, was significantly lower than 
normal as observed between the mutated ZAP-70 in SKG mice and 
the normal TCR-f chain (T.N. and S.S., unpublished data). As RA is 
a heterogeneous disease with complex genetics 1-3 , RA with a similar 
aetiology to SKG arthritis represents only a fraction of the disease. 
Nevertheless, further analyses of SKG arthritis at each step of the 
pathogenetic pathway from the ZAP-70 mutation, through thymic 
generation of autoimmune T cells, to the activation of arthritogenic 
T cells and inflammatory destruction of the joint, will explain how 
genetic and environmental factors contribute to the development of 
RA. This will help in the design of effective methods of detection, 
treatment and prevention of RA. □ 

Methods 

Scoring of joint swelling 

Joint swelling was monitored by inspection and scored as follows: 0, no joint swelling; 0.1, 
swelling of one finger joint; 0.5, mild swelling of wrist or ankle; 1.0, severe swelling of wrist 
or ankle. Scores for all fingers of forepaws and hind paws, wrists and ankles were totalled 
for each mouse. 

Enzyme-linked immunosorbent assay (EUSA) 

Affinity- purified mouse IgG (5 ugml -1 ), 10 ugml -1 bovine type II collagen (Funakoshi), 
5 jig ml -1 double or single-stranded -DNA, or 10 ugml -1 HSP-70 of Mycobacterium 
tuberculosis in PBS, pH 7.2, were used for overnight coating of ELISA plates (Flow 
Laboratories) 7 '. Test sera were diluted 1:10 for anti-type II collagen or anti-HSP-70 assay, 



1:20 for RF assay, or 1:40 for anti-DNA assay. Alkaline-phosphatase-conjugated anti- 
mouse IgG or IgM (for RF assay) (Southern Biotechnology Associates) was used at 
1 jig ml" 1 as the secondary reagent 7 - 8 . Pooled serum from MRL-lpr mice was used as the 
standard of arbitrary units in the RF, anti-DNA or anti-HSP70 antibody assay 7 . The litre of 
anti-CII antibody was expressed as attenuance. The amount of immune complex was 
measured by anti-C3 assay; the serum concentration of IgG was measured by the single 
radial immunodiffusion method 7 . 

In vitro T-cell activation 

SKG or BALB/c T cells (3.0 X 10 4 ) were stimulated for 72 h with plate-bound anti-CD3 
mAb (2C1 1) in the presence or absence of plate-bound anti-CD28 mAb in RPMI-1640 
medium supplemented with 10% fetal calf serum and 50 uM 2-mercaptoethanol. Cells 
were also stimulated with TPA (MngmP 1 ) and ionomycin (0.14 uM). KJ1.26* T cells 
from DO or DO.SKG mice were stimulated with ovalbumin (323-339) peptide in the 
presence of X-irradiated syngeneic spleen cells (10 5 cells) as antigen-presenting cells in 
96-well round-bottomed plates. The incorporation of [ 3 H]thymidine by proliferating 
lymphocytes during the last 6 h of the culture was measured. 

Immunoprecipitation and western blotting 

Thymocytes or purified T cells (5 X 10 6 ) were incubated with anti-CD3 mAb (2C11) for 
20 min, followed by cross-linking with antibody against Armenian hamster 
immunoglobulin (lackson Immuno Research) (10 ugml -1 ) at 37 °C for the indicated 
duration. For immunoprecipitation, cells were lysed with RIPA buffer (0.5% Triton X- 100, 
20 mM Tris-HCl pH 7.5, 1 mM EDTA, 150mM NaCl, 20 mM NaF, 1 mM Na 3 V0 4 ) 
supplemented with protease inhibitors. The immune complexes were recovered by Protein 
A-conjugated Sepharose beads. For western blot analyses, cells were directly lysed by 
sample-loading buffer for SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and 
immediately boiled for 4 min. Recovered immune complexes or total cell lysates were 
subjected to SDS-PAGE and transferred to poly(vinyiidene difluoride) membranes, which 
were blotted with various antibodies after being blocked with PBS/5% BSA. Antibodies 
specific for the following proteins were used: ZAP-70 (Santa Cruz Biotech), TCR-f (Santa 
Cruz Biotech), LAT (Upstate Biotechnology), PLC-7I (Upstate Biotechnology)', activated 
or total ERK1/2, SAPK/JNK and p38 MAP kinases. (Cell Signalling Technology) or 
phosophotyrosine (4G10) (Upstate Biotechnology). 

Calcium mobilization 

Thymocytes or purified T cells were loaded with Fura-2 acetoxymethyl ester (Nacarai) 
for 30 min at 37 °C Cells were then incubated with anti-CD3 mAb as described above, 
washed and resuspended with PBS. CaCl 2 was added to the samples 2 min before 
cross-linking cell surface-bound anti-CD3 mAb with anti-hamster antibody (lackson 
ImmunoResearch). Fura-2 fluorescence was measured by a spectrofluorimeter (Nihon 
Bunkou). 
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